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Phospholipase C- Is Required
for Agonist-Induced Ca2 Entry
ates rapid Ca2 store release through the activation of
InsP3 receptors (IP3R) in the endoplasmic reticulum (ER)
membrane (Berridge et al., 2000). Following this initial
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coupled receptor-activation (Parekh and Penner, 1997;Moriguchi 570-8506
Putney et al., 2001). Although the electrophysiologicalJapan
properties of SOCs have been defined in certain cell
types (Parekh and Penner, 1997), it is likely that several
distinct channel activities mediate store-operated Ca2Summary
entry among different cells. Nevertheless, SOCs display
some common features including a relatively slow rateWe report here that PLC- isoforms are required for
of activation after store emptying (tens of seconds) andagonist-induced Ca2 entry (ACE). Overexpressed
generally a high selectivity for Ca2 (Parekh and Penner,wild-type PLC-1 or a lipase-inactive mutant PLC-1
1997; Clapham, 1995). The term ROC refers to a Ca2each augmented ACE in PC12 cells, while a deletion
entry channel induced in response to agonist bindingmutant lacking the region containing the SH3 domain
to a PLC-coupled receptor but not necessarily depen-of PLC-1 was ineffective. RNA interference to deplete
dent on store emptying. Certain members of the largeeither PLC-1 or PLC-2 in PC12 and A7r5 cells inhib-
family of transient receptor potential (TRP) channelsited ACE. In DT40 B lymphocytes expressing only PLC-
(Montell, 2001) fulfill this definition of ROCs, although2, overexpressed muscarinic M5 receptors (M5R) ac-
controversy surrounds whether they additionally fulfilltivated ACE. Using DT40 PLC-2 knockout cells, M5R
the role of SOCs (Montell, 2001; Clapham et al., 2001).stimulation of ER Ca2 store release was unaffected,
The originally defined TRP channels mediate the inwardbut ACE was abolished. Normal ACE was restored by
current in Drosophila phototransduction (Montell et al.,transient expression of PLC-2 or a lipase-inactive
1985) and are entirely dependent on the NorpA gene
PLC-2 mutant. The results indicate a lipase-indepen-
product, PLC-, deletion of which causes blindness
dent role of PLC- in the physiological agonist- (Montell, 1999). Surprisingly, however, the functional link
induced activation of Ca2 entry. between NorpA and TRP has not been elucidated, and
Drosophila phototransduction appears curiously inde-
Introduction pendent of the actions of the PLC- products, diacyl-
glycerol (DAG) and InsP3, (Montell, 1999; Raghu et al.,
Phospholipase C (PLC)-coupled receptors provide an 2000). By contrast, the group of seven mammalian “ca-
initial step for intracellular Ca2 signaling (Clapham, nonical” TRPC channels (closely homologous with the
1995; Berridge et al., 1998, 2000; Putney et al., 2001). original Drosophila TRP channels) exhibit direct relation-
Receptor-mediated PLC activation occurs through dis- ships with the products of PLC activation. Thus, InsP3Rs
tinct coupling mechanisms: G protein-coupled recep- in their bound state are reported to interact with and
tors (GPCRs) activate PLC-, whereas tyrosine kinase activate TRPC3 channels (Kiselyov et al., 1998, 1999).
receptors and nonreceptor tyrosine kinases activate Moreover, DAG is shown to directly activate several
PLC- isoforms (Berridge et al., 2000; Rhee, 2001; Rebe- TRPC channels (Hofmann et al., 1999; Venkatachalam
cchi and Pentyala, 2000). Inositol 1,4,5-trisphosphate et al., 2001; Ma et al., 2000). In contrast, SOCs have an
(InsP3) generated by each PLC coupling process medi- unknown relationship with PLC activation.
Because of the difficulty defining Ca2 entry channels
as ROCs or SOCs, we considered the possibility that5 Correspondence: ssnyder@jhmi.edu
6 These authors contributed equally to this work. an overlapping and more universal mechanism might
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underlie receptor-mediated Ca2 entry responses. Thus, P2Y receptors coupled to PLC- activation in PC12 cells
(Quitterer and Lohse, 1999). In wild-type cells, UTP elic-we refer to “agonist-induced Ca2 entry” (ACE) as a
ited initial release of Ca2 from InsP3-sensitive stores,more inclusive term for these Ca2 entry phenomena,
while subsequent addition of Ca2 revealed a secondreflecting their activation as a consequence of the physi-
phase of Ca2 entry (ACE). PLC-1 induction caused anological process of agonist-induced receptor activation.
increase in both Ca2 release as well as ACE (FigureBased on the central importance of PLC in mediating
1C). Increased Ca2 release was not due to increasedACE, we considered whether PLC isoforms might fulfill
InsP3R levels as determined by Western analysis (dataa “conformational” role in addition to their catalytic gen-
not shown). In LIM-expressing cells, there was no in-eration of second messengers. In addition, this might
crease in UTP-activated Ca2 release as compared withprovide an explanation for the enigma of TRP activation
uninduced cells. However, an increase in ACE was stillin Drosophila phototransduction. A consensus of infor-
observed (Figure 1D), indicating that the increase in ACEmation reveals that PLC isoforms, beyond their strictly
due to overexpression of wt PLC-1 was not just a resultenzymic roles, have multifunctional properties and inter-
of increased intracellular Ca2 release. The LIM itselfact directly with numerous target proteins (Rhee, 2001;
indicates the increment of ACE due to the nonenzymicRebecchi and Pentyala, 2000). For example, PLC-1 has
role of PLC-1 (Figure 1D) and is similar to the incrementbeen shown to mediate lipase-independent functions
observed in Ca2 entry initiated by passive pool deple-ranging from activation of mitogenic signaling (Smith
tion with TG (Figure 1B).et al., 1994; Kim et al., 2000) to serving as a guanine
The possible role of the PLC-1 SH3 domain in modi-nucleotide exchange factor for PIKE (Ye et al., 2002).
fying Ca2 signals was tested by using cells that couldInterestingly, recent evidence indicates that the TRPM7
be induced to express a PLC-1 mutant in which thechannel is a direct target for both PLC- and PLC-
region containing the SH3 domain was deleted (SH3).isoforms (Runnels et al., 2001, 2002). In the present study
In these cells, UTP and TG failed to augment Ca2 entry,we demonstrate that PLC- isoforms play a role in medi-
and indeed, the Ca2 entry responses were somewhatating the coupling between GPCRs and the activation of
diminished (Figures 1E and 1F). PLC-1 possesses twoCa2 entry. Importantly, we establish that this coupling is
SH2 domains as well as one SH3 domain (Rhee, 2001;independent of the catalytic lipase activity of PLC-.
Rebecchi and Pentyala, 2000). In experiments not
shown, we examined PC12 cells containing additionalResults
mutant forms of PLC-1 lacking either (1) both SH2 do-
mains (22) or (2) both SH2 domains and the SH3 domainPLC- Elicits Ca2 Entry Independent
(223) (Ye et al., 2002). Augmentation of Ca2 entry elic-of Its Catalytic Activity
ited by UTP or TG was not observed in the cells inducedTo examine a role for PLC- in Ca2 entry, we employed
to express the223 PLC-1 mutant. However, inductionPC12 cells stably transfected with PLC-1, using a tetra-
of the22 PLC-1 mutant (still retaining the SH3 domain)cycline/doxycycline-off promoter system (Ye et al.,
resulted in augmented Ca2 entry. These findings pro-2002). Cell lines were constructed containing wild-type
vide evidence for the role of the SH3 domain of PLC-
PLC-1, a lipase-inactive PLC-1 mutant (LIM), or PLC-
1 in regulating Ca2 entry.
1 deletion mutants with SH2 and/or SH3 domains omit-
We examined PLC-1 catalytic activity associated
ted. In these cells, PLC-1 expression was induced by
with the various mutants in intact cells by monitoring
the removal of doxycycline from the incubation medium endogenous InsP3 levels (Figure 1G; Bredt et al., 1989).as described previously (Ye et al., 2002), and SOC activ- UTP (100 M) produced modest elevations of InsP3 lev-ity was induced by treatment with TG (Figures 1A and els in uninduced cell lines (wild-type PLC-1, LIM, or
1B). In nominally Ca2-free media, TG elicited an initial SH3 mutants). Following induction, UTP caused a tri-
increase in cytosolic Ca2 due to passive release from pling of InsP3 levels in cells expressing wild-type PLC-
ER Ca2 stores. Subsequent addition of extracellular 1, which may reflect some activation of PLC-1 in re-
Ca2 permitted a second phase of increased cytosolic sponse to purinergic receptors, as shown in other cells
Ca2 resulting from SOC activation, as described for (Puceat and Vassort, 1996). Indeed, the enhanced re-
many cells (Patterson et al., 1999; Ma et al., 2000; Venka- lease of Ca2 (Figure 1C) is consistent with this InsP3
tachalam et al., 2001). Induction of PLC-1 expression measurement. By contrast, in LIM- and SH3-induced
resulted in a doubling of SOC-mediated Ca2 entry while cells, the increase in InsP3 was no greater than in the
having no effect on Ca2 release (Figure 1A). In experi- uninduced cells. The lack of stimulated InsP3 formation
ments not shown, the Ca2 entry was observed to be in LIM-expressing cells confirms the loss of catalytic
highly Ca2 selective (1 mM Ba2 did not enter) and to activity in this mutant (Smith et al., 1994). The loss of
be blocked by La3 (10 M) or 2-aminoethoxydiphenyl increased InsP3 formation in SH3 cells could either
borate (75 M), in keeping with the known properties of reflect its absence of receptor coupling or that the mu-
SOCs in many cell types (Ma et al., 2000, 2001; Parekh tant is lipase inactive. Thus, of the two mutants that fail
and Penner, 1997; van Rossum et al., 2000). An almost to generate InsP3, one of them, LIM, elicits increased
identical augmentation in SOC activity was observed Ca2 entry, while the other, SH3, does not. This sug-
following induced expression of the LIM mutant (Figure gests that InsP3 generation alone is not responsible for
1B), indicating that lipase activity was not a requirement the observed regulation of ACE and implies that PLC-
for this effect. 1 acts conformationally to mediate channel activation.
To investigate the role of PLC-1 in ACE as opposed to However, despite the observed lack of change in global
entry following Ca2 pump blockade, we utilized uridine InsP3, it is conceivable that locally increased InsP3,
which cannot be measured, might modify the intensitytriphosphate (UTP) as a selective activator of purinergic
Phospholipase C- and Ca2 Entry
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Figure 1. Overexpression of Wild-Type and Mutants of PLC-1 Alters Ca2 Entry
Free Ca2 measurements were made in PC12 cells induced to overexpress PLC-1 wt, LIM, or SH3 (red) and the respective uninduced
control PC12 cells (black). Ca2 stores were depleted by (A and B) 1 M Thapsigargin (TG) in nominally Ca2-free medium followed by
replacement with normal (1 mM) Ca2 medium; (C and D) 100 M UTP in nominally Ca2-free medium followed by replacement with normal
(1 mM) Ca2 medium; (E) 1 M TG, then as in (A); (F) 100 M UTP, then as in (C).
(G) InsP3 measurements for resting cells (solid bars) and cells stimulated with 100 M UTP (hatched bars). InsP3 measurements were made
in both uninduced and induced cells for the corresponding PLC-1 isoform.
of receptor stimulation in relevant microdomains, thus The mechanism by which PLC-1 activates Ca2 entry
was further examined using HEK293 T3-65 cells stablyincreasing Ca2 entry. If so, increased local InsP3 would
not arise from PLC-1 directly, as the LIM mutant is transfected with HA-tagged human TRPC3 channels
(Zhu et al., 1998). These cells provide a system by whichcatalytically inactive and the mechanism would still be
consistent with a conformational role of PLC-1 in modi- TRPC3 channels can be monitored by differential ion
selectivity independently of endogenous store-operatedfying Ca2 entry.
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Figure 2. PLC-1 Interacts with and Modulates TRPC Channel Activity
Free Ca2 measurements were made in HEK 293 T3-65 cells overexpressing PLC-1 wt or SH3 (red) and control cells expressing only YFP
(black). Ca2 stores were depleted by (A and C) 1 M Thapsigargin (TG) in nominally Ca2-free medium followed by replacement with normal
(1 mM) Ca2 medium; (B and D) 1 M ATP in nominally Ca2-free medium followed by replacement with normal (1 mM) Sr2 medium.
(E) A table depicting the results of yeast two-hybrid screening of PLC-1 against TRPC3 and TRPC4.
(F) T3-65 cells transfected with either wt PLC-1 or SH3 PLC-1 were homogenized and TRPC3 or PLC-1 was immunoprecipitated using tag-
specific antibodies. Western analysis was performed using polyclonal antibodies specific to TRPC3 or PLC-1 to assess coimmunoprecipitation.
Ca2 channels (Zhu et al., 1998; Ma et al., 2000). Overex- seen in induced PC12 cells overexpressing wild-type
PLC-1. Stimulation of purinergic receptors in T3-65pression of Flag-tagged wild-type PLC-1 elicited a sub-
stantial increase in TG-induced Ca2 entry compared cells with ATP (added here submaximally at 1 M) acti-
vated TRPC3 channels (Figure 2B) which, unlike SOCs,with cells transfected with YFP alone (Figure 2A). This
increase is entirely due to native SOC activity since allow passage of Sr2 ions (Ma et al., 2000). T3-65 cells
overexpressing wild-type PLC-1 showed an increasedTRPC3 is not activated in response to TG-induced pool
depletion (Ma et al., 2000) This result mirrors the effects Ca2 release response to 1 M ATP as well as increased
Phospholipase C- and Ca2 Entry
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Sr2 entry through TRPC3 channels. With maximal pu- which the translation of genes can be selectively inhib-
ited by chemical transfection of short interfering RNArinergic activation (100 M ATP) there was no additional
(siRNA) duplexes (Paul et al., 2002). Using the 21 baseactivation of TRPC3 channels by PLC-1 expression
siRNA duplex selected for the rat PLC-1 transcript (see(data not shown). Overexpression of LIM-PLC-1 was
Experimental Procedures), we characterized the effec-equally effective in promoting maximal Sr2 entry
tiveness of RNAi in altering PLC-1 expression by immu-through TRPC3 channels while release from ER Ca2
nocytochemistry in native low-passage NIH PC12 cells.stores was unchanged compared to cells expressing
Initially, we assessed whether the chemical transfectionYFP alone (D.B.R., R.L.P., D. Boehning, D.L.G., and
protocol had an effect on the expression level of endog-S.H.S., unpublished data). Thus, the increase in Sr2
enous PLC-1 using a PLC-1-specific polyclonal anti-entry in cells overexpressing wt PLC-1 does not result
body and using YFP as a marker for transfected cellsfrom increased InsP3/DAG production. In cells overex-
(Figure 3A). All wild-type PC12 cells stained positivelypressing a Flag-tagged SH3 mutant of PLC-1, TG-
for PLC-1, and there was no difference between theinduced Ca2 entry was not augmented (Figure 2C), nor
levels of PLC-1 in untransfected cells compared withwas there any enhancement of Sr2 entry through
cells transfected with YFP (approximately 30% of cellsTRPC3 elicited by 1 M ATP (Figure 2D). When TRPC3
were transfected). Moreover, we tested if there was cor-channels were stimulated directly by OAG, no effects on
relation between overexpression of exogenous rat PLC-TRPC3 activity were observed in cells overexpressing
1 cotransfected with YFP. As shown in Figure 3B, addi-wt PLC-1 or mutants (data not shown). These results
tional staining of overexpressed PLC-1 was coincidentsuggest that, like ACE in PC12 cells, TRPC3 activation
with the 30% of YFP-positive cells (brightest stainedcan also be modulated by PLC-1 in a lipase-indepen-
cells labeled with asterisk); hence, staining specificallydent manner that is sensitive to deletion of the region
reflected PLC-1 expression. Secondary antibody alonecontaining the SH3 domain.
showed no nonspecific interaction (Figure 3C). Remark-Since SH3 domains are well-established protein inter-
ably, in PC12 cells cotransfected with YFP and the spe-acting sites (Rhee, 2001; Rebecchi and Pentyala, 2000),
cific PLC-1 siRNA duplex, we observed a profoundwe investigated whether PLC-1 might modify TRPC3
decrease in staining of PLC-1 across the entire popula-activity by interactions with the channel itself. Using a
tion of cells (Figure 3D). Thus, the RNAi was effectiveyeast two-hybrid strategy, we tested overlapping PLC-
on virtually 100% of cells and not restricted to the YFP-1 fragments against the cytosolic N-terminal and
expressing cells.COOH-terminal portions of human TRPC3 and TRPC4
Since the RNAi procedure modified PLC- expression(Figure 2E). Positive interactions between PLC-1 and
in the whole cell population, we could directly monitorTRPC3 or TRPC4 were measured by yeast growth on
altered expressed protein levels by Western analysis.ade/leu/his/trp media and X--Gal staining. Two
We assessed the effectiveness of RNAi in two unrelatedfragments, amino acids 750–1290 and 780–920, both
rat-derived cell lines: PC12 cells and the aortic smoothcontaining the SH3 domain of PLC-1, tested positive
muscle-derived A7r5 cell line. Furthermore, since thefor interaction with the N-terminal region of TRPC3 and
two cell lines express both PLC-1 and PLC-2 iso-TRPC4. Amino acids 480–1010, although containing the
forms, we extended our RNAi protocol to examine theSH3 domain of PLC-1, did not test positive for interac-
effectiveness of an independently constructed PLC-2-tion with TRPC3 or TRPC4, perhaps due to improper
specific siRNA duplex (see Experimental Procedures).folding of this peptide. However, this fragment com-
Western analysis with PLC- subtype-specific antibod-prises both halves of the split C-terminal PH domain
ies revealed the almost complete suppression of PLC-within PLC-1. Conceivably, these two halves fold and
1 and PLC-2 expression following treatment of eachreunite the PH domain, thereby occluding the interven-
of the two cell lines with siRNA duplexes selective foring SH domains, preventing positive interactions. To
PLC-1 or PLC-2, respectively. Thus, in PC12 cells
confirm the direct binding between PLC-1 and TRPC3,
(Figure 3E, left), siRNA for PLC-1 prevented PLC-1
we examined their coimmunoprecipitation in T3-65 cells
expression without affecting expression of PLC-2. The
(Figure 2F). TRPC3 and PLC-1 were immunoprecipi- lack of change in PLC-2 expression indicates there was
tated with their respective tag-specific antibodies, and neither a compensatory increase nor any nonspecific
putative associations were assayed using Western anal- decrease in the expression of this subtype. Conversely,
ysis. Immunoprecipitation of TRPC3 coimmunoprecipi- PLC-2-specific siRNA-treatment specifically elimi-
tated wild-type PLC-1, but not SH3 PLC-1. More- nated PLC-2 expression (Figure 3E, right). Almost iden-
over, immunoprecipitation of wild-type PLC-1, but not tical results were obtained in the A7r5 cell line (Figure
SH3 PLC-1, coimmunoprecipitated TRPC3. Coimmu- 3F). Whereas RNAi approaches can vary in effectiveness
noprecipitations with PLC-1 LIM and TRPC3 mirrored (Elbashir et al., 2001), our RNAi conditions are shown
the observed interactions with wt PLC-1 (data not to specifically suppress PLC-1 or PLC-2 isoform ex-
shown). pression in close to 100% of the cells.
We next examined the functional consequences of
Depletion of PLC- by RNA Interference RNAi-induced PLC-subtype depletion with respect to
Suppresses Agonist-Induced Ca2 Entry Ca2 signaling. In native NIH PC12 cells, RNAi treatment
The experiments described above indicating a role for against PLC-1 or PLC-2 in each case resulted in sub-
PLC-1 in regulating Ca2 entry are based on PLC- stantial reduction in ACE. Thus, compared to control
overexpression. To investigate the role of endogenous activity (Figure 4A), the RNAi against PLC-1 reduced
PLC- isoforms, we employed RNA interference (RNAi) peak UTP-induced Ca2 entry by approximately 70%
(Figure 4B) while having no significant effect on the initialtechnology, a recently developed approach through
Cell
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Figure 3. PLC-1 and PLC-2 RNA-Interfer-
ence (RNAi) Protocols Specifically Reduce
PLC- Expression Levels in PC12 and A7r5
Cells
PC12 cells were prepared for immunofluores-
cence and visualized by confocal micros-
copy. Green corresponds to YFP expression;
red corresponds to PLC-1 staining.
(A) YFP only, control PC12 cells.
(B) PC12 cells transfected with YFP and rat
PLC-1 (asterisks denote cells highly overex-
pressing PLC-1 and have correspondingly
high YFP expression).
(C) YFP control with secondary antibody
alone.
(D) YFP  PLC-1-siRNA duplex.
(E and F) Western blots of PC12 cell lysates
and A7r5 cell lysates, respectively, trans-
fected for 56 hr with YFP alone (control),
YFP  PLC1-siRNA duplex (RNAi 1), or
YFP  PLC2-siRNA duplex (RNAi 2). Gels
were transferred and blotted with polyclonal
antibodies specific for PLC-1 and PLC-2,
using actin as a control for protein loading.
Ca2 release phase. RNAi against PLC-2 was also ef- isoforms. Thus, we sought to combine the two RNAi
treatments and determine whether elimination of bothfective, reducing peak UTP-induced Ca2 entry by ap-
proximately 50% (Figure 4C). Similar RNAi experiments PLC- subtypes would further reduce ACE. However,
attempts at RNAi treatment to eliminate both PLC-1were conducted in the unrelated A7r5 smooth muscle
cell line in which Ca2 entry responses to the serotonin and PLC-2 together resulted in substantial cell death
in either PC12 or A7r5 cells, suggesting that PLC- activ-receptor were measured. Compared to control (Figure
4D), serotonin-induced Ca2 release was unaffected by ity is required for cell viability.
RNAi against PLC-1, whereas subsequent ACE was
reduced by more than 50% (Figure 4E). RNAi for PLC- Knockout of PLC- Eliminates Agonist-Induced
Ca2 Entry2 was similarly effective (Figure 4F). Both purinergic
and serotonin receptors are GPCRs activating PLC- To overcome the difficulty in analyzing the relative roles
of PLC-1 and PLC-2 in ACE, we employed the DT40(Rhee, 2001; Rebecchi and Pentyala, 2000), and the sub-
sequent InsP3-mediated Ca2 release appears indepen- chicken B lymphocyte cell line. B cells signal Ca2 in
response to the B cell receptor (BCR) exclusively viadent of PLC- expression. However, these data indicate
that PLC- does play a role in the downstream activation the PLC-2 enzyme (Rhee, 2001; Rebecchi and Penty-
ala, 2000; Wilde and Watson, 2001; Takata et al., 1995;of ACE. Interestingly, store-operated Ca2 entry elicited
by ionomycin in either PC12 cells (Figure 4G) or A7r5 Kurosaki et al., 2000), and the DT40 cells express only
this isoform of PLC- (Takata et al., 1995; Rebecchi andcells (Figure 4H) was unaffected by RNAi treatment
against either PLC-1 or PLC-2. Similarly, TG-induced Pentyala, 2000). These cells also express PLC-, though
they appear to lack GPCRs coupled to PLC- (Venkata-store-operated Ca2 entry in both cell lines was unaf-
fected by the RNAi treatments (data not shown). This chalam et al., 2001). Importantly, taking advantage of the
high rate of homologous recombination in DT40 cells,lack of phenotype contrasts with our findings that trans-
fection of PLC-1 and LIM leads to stimulation of both elimination of the PLC-2 gene has been affected to
generate a clonally selected cell line that is devoid ofagonist-induced and TG-induced Ca2 entry (Figure 1).
Since both PLC-1 and PLC-2 isoforms are expressed PLC- (Takata et al., 1995).
Stimulation of DT40 cells with anti-IgM, the BCR ago-in the two cell types examined and elimination of either
isoform reduced ACE by approximately 50%, we consid- nist, induced activation of Ca2 release from stores via
the nonreceptor tyrosine kinase-linked cascade, leadingered there might be overlap in the function of the two
Phospholipase C- and Ca2 Entry
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Figure 4. RNAi Depletion of PLC-1 and PLC-2 Expression Inhibits Agonist-Induced Ca2 Entry (ACE)
Free Ca2 measurements were made in rat PC12 cells and rat A7r5 cells transfected for 60 hr with YFP alone (black), YFP  PLC-1-siRNA
duplex (red), or YFP  PLC-2-siRNA duplex (blue). Ca2 stores were depleted by (A–C) 100 M UTP in nominally Ca2-free medium followed
by subsequent medium replacements with 1 mM Ca2 medium and 10 M La3 (arrow), respectively; (D–F) 1 M serotonin (Ser) in nominally
Ca2-free medium followed by subsequent medium replacements with 1 mM Ca2 medium and 1 M La3 (arrow), respectively; (G and H) 1
M Ionomycin (Iono) in nominally Ca2-free medium followed by subsequent medium replacements with 1 mM Ca2 medium and 10 or 1 M
La3 (arrow), respectively.
to PLC-2 activation and the generation of InsP3 (Figure -coupled receptors. To do this, we transfected the G
protein-coupled muscarinic M5 receptor (M5R), which5A). Reintroduction of Ca2 revealed corresponding
ACE. In the PLC-2 knockout cells, as expected, anti- is well established to activate PLC- (Liao et al., 1989).
In wild-type cells transfected with M5R, activation byIgM failed to elicit intracellular Ca2 release or Ca2 entry
since both responses are a consequence of PLC-2 carbachol induced both Ca2 release and ACE, indicat-
ing that DT40 cells indeed express the machinery (Gactivation (Figure 5B). We sought to examine the role
of PLC-2 in Ca2 signals activated in response to PLC- proteins and PLC-) to give normal Ca2 responses (Fig-
Cell
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Figure 5. Knockout of PLC-2 in DT40 Pre-
B Lymphocytes Abolishes ACE in Response
to M5R-Mediated Ca2 Release
Free Ca2 measurements were made in wt
DT40 and DT40 PLC-2 knockout cells (KO).
(A and B) 3 g/ml anti-IgM (IgM), in nominally
Ca2-free medium followed by replacement
with normal 1mM Ca2 medium.
(C and D) Wild-type and PLC-2 knockout
cells were transfected with muscarinic (M5)
receptor  YFP. Cells were stimulated with
100 M Carbachol (CCH) in nominally Ca2-
free medium followed by replacement with
normal 1 mM Ca2 medium.
(E and F) 1 M TG, then as in (A).
ure 5C). Strikingly, the activation of Ca2 entry in DT40 store depletion with TG leads to activation of the Ca2
release-activated Ca2 current (ICRAC) prominent in hema-PLC-2 knockout cells (PLC-2-KO) transfected with
M5R was consistently and completely eliminated (Figure topoietic cells (Prakriya and Lewis, 2001). Using DT40
cells, we have previously shown that the Ca2 entry4D). The M5R was clearly transfected and able to couple
to PLC- in these cells since the observed Ca2 release activated by TG or the M5R is the same with respect to
ion specificity and sensitivity to La3 (Venkatachalam etresponse was normal. In sharp contrast, the entry of
Ca2 following TG-induced store depletion was identical al., 2001). However, our results here reveal a fundamen-
tal difference in the PLC-2 requirement of receptor-in the DT40-WT cells (Figure 5E) and DT40 PLC-2-KO
cells (Figure 5F). Thus, the size of Ca2 store release, activated Ca2 entry (that is, ACE) as opposed to Ca2
entry in response to TG or ionomycin. This result isthe kinetics of Ca2 release and subsequent Ca2 entry,
and the sensitivity of Ca2 entry to 1 M La3 were all consistent with the results from the RNAi studies de-
scribed above (Figure 4).identical in the two cell lines in response to TG. More-
over, Ca2 store release and subsequent Ca2 entry in To further our understanding of the role of PLC-2 in
ACE, we conducted rescue experiments to restore PLC-response to ionomycin were also identical between the
wt and PLC-2-KO cells (data not shown). In DT40 cells, 2 expression in the DT40 PLC-2-KO cells. The system
Phospholipase C- and Ca2 Entry
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Figure 6. Wild-Type PLC-2 and a Lipase-
Inactive Mutant-2 (LIM-2) Rescues ACE in
DT40 PLC-2 KO Cells
Free Ca2 measurements were made in KO
cells transfected with either M5  YFP alone,
M5  YFP  rat PLC-2, or M5  YFP  rat-
lipase-inactive mutant (LIM-2). Ca2 stores
were depleted by (A–C) 3 g/ml anti-IgM
(IgM), in nominally Ca2-free medium fol-
lowed by replacement with normal 1 mM Ca2
medium; (D–F) 100 M CCH in nominally
Ca2-free medium followed by replacement
with normal 1 mM Ca2 medium, followed by
the addition of 1 M La3 (arrow).
allowed us to directly assess the role of functionally Ca2 entry (Figure 6D), consistent with the short-term
expression results above (Figure 5D). Coexpression ofmodified PLC-2, specifically, a lipase-inactive mutant.
These experiments all utilized PLC-2-KO cells cotrans- M5R and PLC-2 in the PLC-2 knockout cells restored
carbachol-induced ACE (Figure 6E), hence the Ca2 sig-fected with the M5R. Unlike M5R expression that occurs
rapidly (within 4 hr), functional expression of wt PLC- naling phenotype of wild-type cells (Figure 5C) was rees-
tablished. Importantly, coexpression of M5R with the2 in DT40 cells (as measured by anti-IgM-mediated
release) required a longer time (at least 16 hr). Under LIM-2 mutant also restored the Ca2 entry response
induced by carbachol (Figure 6F), establishing that ACEthese transfection conditions, the loss of anti-IgM-
induced intracellular Ca2 release and Ca2 entry in the requires PLC- independent of its catalytic activity.
PLC-2-KO cells was not affected by M5R expression
(Figure 6A). Significantly, expression of rat PLC-2 in Discussion
the PLC-2-KO cells led to full restoration of both anti-
IgM-mediated Ca2 release and subsequent Ca2 entry The results provide evidence for a hitherto unrecognized
role of PLC- in the control of cellular Ca2 signaling.(Figure 6B). By contrast, expression of a single amino
acid rat PLC-2 mutant (H327F) (Smith et al., 1994) lack- This conclusion is supported by several distinct and
complementary approaches. First, overexpression ofing lipase activity (LIM-2) failed to result in either in-
tracellular Ca2 release or Ca2 entry in response to PLC-1 augments ACE. This action of PLC-1 is inde-
pendent of its lipase activity but appears dependentanti-IgM (Figure 6C). With the longer-term transfection
protocol, the M5R was still functionally expressed, medi- on the region containing the SH3 domain, indicating a
structural as opposed to enzymic role of PLC-1. Sec-ating Ca2 release and still unable to couple to mediate
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ond, a RNAi strategy in two distinct cell lines success- release (Onofri et al., 2000). The functional domain
through which PLC- mediates its action on Ca2 entryfully eliminated expression of the PLC-1 or PLC-2
proteins and resulted in markedly diminished ACE. will likely provide important new information on the cou-
pling mechanism of ACE.Third, knockout of PLC-2 from DT40 cells that express
only this PLC- subtype results in the complete elimina- Our experiments on PLC- depletion (by either RNAi
or PLC- knockout) establish a role for PLC- in ACE;tion of ACE. In these cells, restoration PLC-2 expres-
sion rescued ACE, and this rescue was mimicked by a however, we have not so far addressed the lack of effect
PLC- depletion has on Ca2 entry induced by storelipase-inactive PLC-2 mutant. A number of important
implications derive from these findings with respect to emptying in response to TG or ionomycin. These results
indicate an important divergence underlying the action(1) the role of PLC- in receptor-mediated Ca2 signal-
ing, (2) the molecular interactions mediating the action of receptors as opposed to nonphysiological activators
of Ca2 store depletion. We hypothesize that the activa-of PLC-, and (3) our understanding of the coupling
process for activation of Ca2 entry. tion of “store-operated” Ca2 entry may reflect two dis-
tinct inputs on the Ca2 entry channels. One is derivedWith respect to the role of PLC- in Ca2 signaling, a
key finding is that PLC- is involved in Ca2 signals from the ER and reflects lowering of ER luminal Ca2.
The other is derived within the plasma membrane andgenerated by receptors classically defined as GPCRs
activating PLC-. Thus, we have measured receptor- reflects a receptor-mediated role of PLC-. TG and iono-
mycin globally deplete Ca2 stores independently of re-mediated Ca2 responses to purinergic P2Y receptors,
serotonin 5-HT2 receptors, and muscarinic M5 recep- ceptor activation, providing a powerful overriding stimu-
lus for SOCs, which we reveal to be independent oftors, expressed in diverse cell types, PC12 (neuronal
cells), A7r5 (vascular cells), and DT40 (hematopoietic PLC-. In contrast, PLC--coupled receptors activate
InsP3-mediated Ca2 release, which may be spatiallycells), respectively (Nikodijevic et al., 1994; Ma et al.,
2000; Venkatachalam et al., 2001). When PLC- is either localized and temporally restricted (Berridge, 1997; Del-
mas et al., 2002), and revealed here to be dependentdecreased or eliminated, there are no observable effects
on receptor-induced InsP3-mediated Ca2 store release, on PLC-. Whereas TG is a powerful SOC activator, it
may nevertheless mimic an important pathophysiologi-indicating that the PLC--mediated events are unal-
tered. However, the downstream activation of Ca2 entry cal state by global depletion of ER Ca2 stores. Indeed,
TG is a well-characterized inducer of apoptosis (Xu etis profoundly altered, indicating crosstalk between the
GPCR machinery and PLC-. Recent evidence impli- al., 2001), necrosis (van de Water et al., 1999; Xu et al.,
2001), and tumor promotion (Jackson et al., 1988), andcates GPCRs in mediating important G protein-indepen-
dent events (Hall et al., 1999; Heuss and Gerber, 2000) as a highly hydrophobic plant defense toxin, its action
may bypass a crucial physiological regulatory element.including coupling to PLC- (Heuss and Gerber, 2000).
Such coupling can be mediated through nonreceptor We must also consider that our overexpression stud-
ies reveal that not only ACE, but also TG- or ionomycin-tyrosine kinase activation (Heuss et al., 1999), and evi-
dence exists for physical interactions between GPCRs induced Ca2 entry are in each case potentiated by PLC-
1. These latter results suggest that PLC-1 can haveand PLC-1 (Venema et al., 1998a, 1998b). Studies also
reveal coordinated control between PLC- and PLC- a direct permissive role on the SOC-activation pathway,
albeit dependent on overexpressed levels of PLC-1,isoforms (Rebecchi and Pentyala, 2000). Our results indi-
cate that such crosstalk events involving PLC- may but independent of the mode of store emptying (i.e.,
InsP3 versus pump blockade). Thus, the physiologicalrepresent crucial control over the size and longevity of
GPRC-induced Ca2 signals. activation of Ca2 entry by receptors may be an integra-
tion of the Ca2 store-release signal and a signal derivedThe mechanism of crosstalk notwithstanding, the role
of PLC- in mediating Ca2 entry is not dependent on from receptor-dependent coupling to PLC-.
Since the role of PLC- in ACE is independent ofits catalytic lipase activity as revealed by the action of
lipase-inactive PLC- mutants in PC12 cells, HEK293 its catalytic function, what target(s) might mediate this
action? One possibility is that it interacts directly withcells, and DT40 cells. This suggests that PLC- plays a
conformational role and implicates a protein interacting the Ca2 entry channel. As the molecular identity of
store-operated channels is unknown, this hypothesisdomain of PLC- in mediating channel activation. Con-
sistent with this hypothesis, overexpression of theSH3 must remain speculative. However, much evidence im-
plicates members of the TRP family of ion channels asPLC-1 does not mediate ACE enhancement, and in
fact reduces Ca2 entry in PC12 cells. Furthermore, candidates for SOCs (Putney et al., 2001; Clapham et
al., 2001; Hofmann et al., 2000; Montell, 2001), and it isyeast two-hybrid analysis and coimmunoprecipitation
experiments reveal that the SH3-containing portion of interesting that one recently described member,
TRPM7, is defined as a channel interacting with bothPLC-1 specifically interacts with TRPC channel iso-
forms. There is clear evidence that the SH3 domain is an PLC- and PLC- isoforms (Runnels et al., 2001, 2002).
Alternatively, the actions of PLC- may be mediatedimportant site for interactions with other PLC- binding
partners. The SH3 domain of PLC- mediates its ability by an intermediary target. It is well known that PLC-
isoforms associate with the actin cytoskeleton duringto serve as a guanine nucleotide exchange factor for
the nuclear GTPase PIKE (Ye et al., 2002). PLC-1 binds their translocation to the plasma membrane (Rhee, 2001;
Rebecchi and Pentyala, 2000). More specifically, PLC-directly to SOS1, a p21 Ras-specific guanine nucleotide
exchange factor, through its SH3 domain (Kim et al., is known to have close structural and functional links
to the rho/rac/cdc42 family of low-molecular-weight2000). Specific binding has also been shown between
the SH3 domain of PLC- and synapsin I, a phosphopro- GTPases (Hong-Geller and Cerione, 2000; Zeng et al.,
2000) intimately involved in trafficking and secretiontein involved in synapse formation and neurotransmitter
Phospholipase C- and Ca2 Entry
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cells. The statistical significance of change within the distinct in-(Hong-Geller and Cerione, 2000; Arrieumerlou et al.,
ducible cell lines is as follows: Figure 1C (% increase over con-2000). The activation of SOCs is known to be affected
trol)  151 	 12.5 SEM, p  0.007; Figure 1D (% increase overby actin cytoskeletal rearrangement (Patterson et al.,
control)  64 	 3.82 SEM, p  0.003; and Figure 1F (% decrease
1999; Rosado et al., 2000). This and the known GTPase over control)  60 	 6.63 SEM, p  0.017.
dependence of SOC activation (Fasolato et al., 1993;
Yao et al., 1999; Fernando et al., 1997) reflect that cy-
InsP3 Radioreceptor Assaytoskeletal-dependent organization of ER and plasma Intracellular InsP3 measurements were performed as described pre-
membranes may underlie a trafficking or “secretion-like” viously (Bredt et al., 1989).
model for SOC activation. Such events may receive im-
portant PLC--mediated input. Overall, the results indi-
Western Analysis
cate a key role of PLC- in the physiological agonist- PC12 and A7r5 cells transfected with or without siRNA and YFP
induced activation of Ca2 entry. were grown under the conditions described above, scraped, lysed
at 4
C in lysis buffer (1% Triton X-100, 20 mM HEPES-NaOH [pH
Experimental Procedures 7.2], 100 mM NaCl, 1 mM sodium orthovanadate, 50 mM NaF, 1 mM
PMSF, 1 mM aprotinin, 1 mM leupeptin), and sonicated to disrupt
Culture of Cells membranes. Bicinchoninic protein assays were performed on sam-
Stably transfected rat PC-12 cells were cultured in DMEM (Life ples and run on 4%–12% SDS-PAGE gels in 50g amounts. Western
Technologies) supplemented with 10% horse serum and 5% fetal analysis was performed using a 1:1000 dilution of anti-actin anti-
bovine serum (FBS) and 3 g/ml doxycycline, penicillin, streptomy- body, 1:1000 dilution of anti-PLC-1, and 1:500 dilution of PLC-2
cin, and 1 g/ml G418 as described previously (Ye et al., 2002). antibody and visualized by chemiluminescence.
Rat PC-12 cells, passage numbers 6–15, were cultured in DMEM
supplemented with 10% horse serum and 5% FBS, penicillin, and
Immunohistochemistrystreptomycin as described previously (Ye et al., 2002). Rat aortic
PC12 cells were transfected as described above for RNAi, YFP,smooth muscle A7r5 cells, passage 10–25, were cultured in DMEM
and/or 10 g rat PLC-1, grown on coverslips for 56 hr, then fixedsupplemented with 10% FBS, penicillin, and streptomycin as de-
with 3% paraformaldehyde in 2 PBS for 30 min and washed threescribed previously (Patterson et al., 1999). Cells of both the wild-
times in 2 PBS for 15 min. Coverslips were quenched in 50 mMtype DT40 chicken B cell line (DT40-WT) and PLC-2-knockout cell
NH4Cl for 15 min and washed three times in 2 PBS for 15 min.line (DT40 PLC-2-KO) were cultured in RPMI 1640 (Life Technolo-
Cells were permeabilized in saponin solution (2 PBS, 1% bovinegies) supplemented with 10% FBS, penicillin, streptomycin, and 0.5
serum albumin, 1% goat serum, and 0.075% w/v saponin) for 1 hr.mg/ml G418 as described previously (Venkatachalam et al., 2001).
Coverslips were washed three times in 2 PBS for 15 min and
subsequently inverted on 250 l of anti-PLC-1 in a wet chamber
Expression Protocols
overnight at 4
C. Coverslips were washed three times in 2 PBS
Induction of stably transfected PC12 cells was performed by the
for 15 min and inverted on 250 l of secondary antibody solution
removal of doxycycline from the media for 48 hr. Transfection of
1:300 for 1 hr at room temperature. Finally, coverslips were washed
PC12 cells and A7r5 cells with 100 nM siRNA duplex and 10 g YFP
three times in 2 PBS for 15 min and mounted onto slides with Slo-
was performed using Lipofectamine 2000 (Invitrogen), according to
fade. Fluorescence signals were detected with a Zeiss LSM410
the manufacturer’s specifications. DT40 wild-type and DT40 PLC-
confocal laser scanning microscope, using a 63/NA 1.4 objective.
2-KO cells cultured overnight in normal media were scraped from
plates and washed in reduced serum OptiMEM (Life Technologies)
and then resuspended in OptiMEM at 107 cells/ml. Ten milligrams Yeast Two-Hybrid
of each of the plasmids to be transfected (human M5 muscarinic The Matchmaker3 yeast two-hybrid system from Clontech was em-
receptor in pCDNA3, rat PLC-2 or LIM-2 mutant in pApuro2, and/ ployed. AH109 -gal yeast was used. PLC-1 fragments were cloned
or EYFP in pCDNA3) were added to 0.5 ml transfection cuvettes into pGADT7 (-gal acceptor domain) vector, while TRPC3/4 frag-
with an electrode gap of 0.4 cm followed by the addition of 0.5 ml ments were cloned into PGBKT7 (-gal binding domain) vector.
of the cells in OptiMEM (107 cells/ml). After thorough mixing of the Expression of these fragments was determined by Western blotting
cells and DNA, transfection was carried out using the Gene Pulser using antibodies from Clontech, corresponding to the expression
II Electroporation system (Bio-Rad) at 350mV, 960 microfarads, and vector. Positive clones grew on minimal SD agar (Clontech) lacking
infinite resistance. The cells were recovered in OptiMEM (no serum adenine, histidine, leucine, and tryptophan and had -gal activity.
added) for 6 hr, resuspended in OptiMEM with 10% fetal bovine
serum overnight, applied to coverslips, and allowed to attach for
Coimmunoprecipitation1.5 hr before Ca2 measurements were undertaken.
HEK-293 T3-65 cells were transfected with PLC-1. Cells were solu-
bilized in 1 PBS containing 1% triton-X100 and 1 unit of proteaseRNAi for PLC-1 and PLC-2
inhibitor cocktail (Sigma). 350 g of cell homogenate was incubatedsiRNA duplexes were prepared in annealing buffer (0.1 M K-acetate,
with 3 g of the appropriate antibody rocking overnight at 4
C. 2530 mM HEPES-KOH [pH 7.2], 2 mM Mg-acetate). Briefly, 100 nM
l bed volume of protein AG beads (Calbiochem) was added tosense primers (AAA CAA CCG GCT CTT CGT CdTdT for PLC-1;
the homogenates for 1 hr at 4
C. Beads were washed three timesAAU CCU GAC UUC CGG GAA AdTdT for PLC-2) and correspond-
with homogenizing buffer for 5 min at room temperature, and SDS-ing antisense primers were mixed in 50 l water with 5 l of 10
PAGE and Western analysis were performed.annealing buffer. The mixture was heated to 95
C for 5 min and then




Plasmids were from the following sources: EYFP and MatchmakerCalcium Imaging
Ca2 measurements were as previously described (Ufret-Vincenty vector cDNA from CLONETECH and human M5 muscarinic receptor
cDNA from L. Birnbaumer (UCLA). Carbachol and serotonin wereet al., 1995; Venkatachalam et al., 2001). Fura-2/AM-loading was for
25 min at 20
C for DT40 cells, 1 hr at 20
C for PC12 cells, and 30 min from Sigma. TG was from LC Services (Woburn, MA). Fura-2/AM
was from Molecular Probes (Eugene, OR). Anti-chicken IgM (super-at 20
C for A7r5 cells. Transfected EYFP served as the transfection
marker and was detected at excitation wavelength 485 nm. Resting natant, M-4 clone) was from Southern Biotechnology Associates
(Birmingham, AL). Ionomycin was from Calbiochem (San Diego, CA).Ca2 levels in cell lines were similar, 100–200 nM. All measurements
shown are representative of a minimum of three, and in most cases, UTP was from Invitrogen (Carlsbad, CA). siRNA duplex was from
Dharmacon Research (Denver, CO). PLC-2 polyclonal antibodya larger number of independent experiments. For the data in Figures
1C, 1D, and 1F, each representative trace is the mean of 50 individual was from Santa Cruz (Santa Cruz, CA).
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